The paper is an overview of work by the author in measuring and monitoring loads in bolts using an ultrasonic extensometer. A number of cases of bolted joints are covered. These include, a clamped joint with clearance fit between the bolt and hole, a clamped joint with bolt in an interference fit with the hole, a flanged joint which allows the flange and bolt to bend; and a shear joint in a clevis and tang configuration. These applications were initially developed for measuring and monitoring preload in National Aeronautics and Space Administration (NASA) Space Shuttle Orbiter critical joints but are also applicable for monitoring loads in other critical bolted joints of structures such as transportation bridges and other aerospace structures. The papers cited here explain how to set-up a model to estimate the ultrasonic load factor and accuracy for the ultrasonic preload application in a clamped joint with clearance fit. The ultrasonic preload application for clamped joint with bolt in an interference fit can also be used to measure diametrical interference between the bolt shank and hole, as well as interference pressure on the bolt shank. Results of simulation and experimental data are given to demonstrate use of ultrasonic measurements in a shear joint. A bolt in a flanged joint experiences both tensile and bending loads. This application involves measurement of bending and tensile preload in a bolt. The ultrasonic beam bends due to bending load on the bolt. Results of a numerical technique to compute the trace of ultrasonic ray are presented.
INTRODUCTION
Ultrasonic extensometer is used to measure tensile preload in bolts used in structural joints. In an ordinary ultrasonic extensometer application, the bolt is assumed to be in a clearance fit with the structural hole and experiences a pure tensile preload. The bolt under these conditions is termed as the "original configuration" here. Ultrasonic preload measurement incorporates acousto-elastic effect to measure stress, which is covered in depth in previous work by Hughes and Kelly 1 , Murnaghan 2 , Egle and Bray 3 . The ultrasonic extensometer is similar to the ultrasonic thickness gage. Both instruments operate on the principle of ultrasonic pulse travel-time measurement. The extensometer uses temperature compensation but the thickness gage does not. It also computes ultrasonic stretch and preload. Harrisonics, a Division of Stavely Instruments 4 , developed one of the first laboratory extensometers using the pulse-echo technique. The Erdman-McFaul Extensometer 5, 6 was the first bolt-control instrument to reach the market. This instrument also used the pulse-echo technique. Heyman 7, 8 used ultrasonic continuous wave instead of a pulse to perform the strain measurement in the bolt. Johnson 9 et. al. use both shear and longitudinal waves to measure the stress in the bolt. Bickford 10 provides review of ultrasonic preload measurement technology. Bickford 10 also discusses factors affecting accuracy of the preload measurement but does not provide a systematic procedure to estimate the accuracy. Work done by the above authors is limited to the original configuration of the bolt. This paper is an overview of papers by the author [11] [12] [13] [14] [15] [16] [17] [18] of this paper on the subject matter. The ultrasonic transducer periodically launches ultrasonic pulses in the bolt. Each pulse travels to the other end of the bolt where it is reflected. The reflected pulse travels back to the transducer where it is electronically received or sensed. Fig. 2 shows typical instrument displays of the received ultrasonic signal. The instrument measures round trip pulse travel time. The instrument converts the travel time to a quantity called ultrasonic length after multiplying it by a factor, which is set to half the ultrasonic pulse velocity in the bolt material. The ultrasonic length reading is approximately equal to the physical distance between the transducer crystal face and pulse reflector face at the other end of bolt. The initial (unloaded) ultrasonic length reading is taken on the bolt before any load is applied. After loading the bolt, the final (loaded) ultrasonic length reading is taken. As the bolt stretches under the tensile load, the ultrasonic length is also increased. The ultrasonic stretch, defined as the difference between the final and initial ultrasonic length, is proportional to the applied tensile load. The ultrasonic stretch is multiplied by appropriate factors in the instrument to indicate the applied load. 
Bolt joint configurations
There are many bolt joint configurations in structural joints. Fig. 3 shows three basic joint configurations covered in this paper. These are, a clamped joint (original configuration), flanged joint and shear joint. Bolt shank may be in a clearance or interference fit with the structural hole in a clamped joint. Fig. 4 shows a cut away of a clamped joint. Two ultrasonic extensometers are compared here. These are the Raymond Boltgage (predecessor to extensometers by Bidwell Industrial Group, Middletown, CT, USA) and StressTel Boltmike (predecessor to extensometers by General Electric Inspection Technology). It is necessary to know the accuracy of extensometers. Characteristics of bolt affect accuracy. Moreover, variability in ultrasonic transducer to bolt coupling also affects the accuracy. Therefore, the extensometer does not have a fixed measurement accuracy. Sources of variability are listed and a procedure to compute the preload measurement accuracy for the two instruments is provided. These factors include variability associated with the Young's modulus, ultrasonic velocity, bolt cross sectional area, effective length, acousto-elastic constant, temperature factor, transducer coupling, and calibration. Fig. 5 illustrates the systematic errors for the two instruments. These instruments were used by NASA on a clamped bolted joint between the Space Shuttle Orbiter and the Boing 747 carrier aircraft. Relationships between corresponding parameters of the instruments are provided. The two instruments use slightly different equations or models to convert the pulse travel time to preload. Equations are provided so that the difference between preload measurements of the two instruments is minimized.
Ultrasonic preload measurement on a sleeve bolt

12, 13
The sleeve bolts can provide an interference fit in a cylindrical hole by expanding during assembly. See Fig. 6 for a sectional view of the sleeve bolt joint. NASA Space Shuttle Orbiter used sleeve bolts at the forward joint of the vertical tail with the fuselage. Hatched area indicates the sleeve. Ultrasonic preload measurement on a sleeve bolt is different in many ways from the same on a bolt in the original configuration. The sleeve bolt shank experiences pressure and friction that are absent in the original configuration. Preload versus the ultrasonic stretch characteristic curve is identical during loading and unloading for a bolt in the original configuration. Experimental data for a sleeve bolt joint loading and unloading characteristic curves and analyses are provided. It is shown that the loading and unloading characteristic curves form a hysteresis loop. The hysteresis loop is due to the friction and pressure on shank of the bolt. A schematic of the preload characteristic curve is given in Fig.7 . Lines connecting points in order a → b → c →d →e →f → a form the hysteresis loop from loading to unloading. Figure 7 . Schematic of applied load versus the ultrasonic stretch characteristic curve for an interference fit bolt 14 Theoretical model of ultrasonic preload measurement on a sleeve bolt is provided. Here, an interference fit joint is considered. A sleeve bolt is a special case of the interference fit joint. A theoretical model is developed from the first principles and using simulation the preload characteristic curve is computed. The theoretical model accounts for a change in the joint temperature. As an example, the model is applied to the previously reported sleeve bolt 13 used on the NASA Space Shuttle Orbiter. Fig. 8 provides a plot of the simulated preload characteristic curve. The simulated characteristic curve agrees with the experimental characteristic curves. The loading characteristic curve is indicated by a dashed line marked "o" and the unloading characteristic curve is indicated by a dashed line marked "*". The solid unmarked line indicates average preload characteristic curve. Expressions are derived for determining the preload characteristic curve for bolt in the original configuration by assuming zero interference. These expressions are more precise than those used by the commercial gages 11 . Fig. 9 shows the simulated characteristic curves for average preload for a bolt in an interference joint (solid line) and a bolt in a clearance fit joint (dashed line).
Ultrasonic preload measurement in an interference fit joint
Some extensometers assume a constant effective length (e.g. length under the tensile stress) for the bolt. However, as the nut is tightened, the effective length decreases. There are two distinct cases of the effective length depending upon how the load is applied. If the bolt is pulled in a tensile testing machine, then the effective length remains constant. This is the first case. In the second case, the preload is applied (or retained) by turning the nut. In this case, as the nut is turned, the effective length decreases. Expressions for preload characteristic curves for both cases are given. A procedure is provided to use the computer model to measure the preload. An ultrasonic measurement technique is provided to estimate the diametrical interference and interference pressure without the removal of bolt from the joint.
Ultrasonic measurement of bolt bending in a shear joint
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The ultrasonic stretch due to bolt bending in a shear joint is measured. Fig. 11 illustrates loading on a bolt in the shear joint. Figure 11 . Loading, shear force and bending moment on the bolt in a shear joint A preliminary theory is developed that explains the ultrasonic measurements. The bending loads result in rotation and translation of the ultrasonic pulse reflecting face. Bending loads create a stress gradient in the bolt. This results in a phase variation (or gradient) in the received ultrasonic beam across the face of transducer. The received beam is physically shifted in relation to the ultrasonic transducer. The phase gradient and beam shift cause change in pulse travel time. The geometric effect of shifting of ultrasonic beam is illustrated in Fig. 12 . Figure 12 . Effect of bolt bending on the paths of a pair of ultrasonic rays A number of experiments were performed on the bolt to study effect of bending load on the ultrasonic measurements. Three bolt end designs were used in the experiments. See Fig. 13 . As an example, the experimental preload characteristic curves are given for runs 10-1 through 14 in Fig. 18 . The experiments and theory validate the method to measure bending loads in the bolts.
Proc. of SPIE Vol. 9437 94370T-9 The waveform for loaded bolt shows change from the waveform for unloaded bolt. The change is characterized by a shift to the left and decrease in the amplitude. The shift to left indicates a decrease in the ultrasonic stretch. The decrease in the amplitude is partly due to shift in the returning beam.
The load was increased in steps of 45.5 kg in the experiment. The simulated waveforms for each incremental load are provided in Fig. 20 . The waveforms show a gradual change as the load is applied from the no-load condition to the maximum load. 16 A value of the effective length was chosen that would provide the best match with the experiment in this simulation. When the effective length was chosen to be equal to the distance between the supports, the load factor (preload per unit ultrasonic stretch) was underestimated by 56 %. This inaccuracy is thought to be partly due to two factors. One of the factors is the inaccuracy in the value of effective length. The second is thought to be bending of the ultrasonic beam. The theory and numerical model form the basis for the method of measuring bending load using the ultrasonic measurements.
Simulation of the Ultrasonic Measurement on the Shear Joint Bolt
Effect of Flange Bending on Ultrasonic Preload Measurements
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A practical application of ultrasonic tensile preload measurement on bolts of the "17 inch umbilical disconnect flange joint of the NASA Space Shuttle Orbiter" is considered. The umbilical bolts experience bending loads due to bending of flanges. Bending loads on the bolt affect the ultrasonic tensile preload measurements. The measured ultrasonic stretch is due to the tensile preload as well as the bending load. In the beginning of development of the ultrasonic technique for the umbilical bolts, reliable ultrasonic readings were not possible. A theoretical explanation of the inaccuracies in readings was developed. A number of experiments were performed on the bolt to study the effect of bending combined with variation in the transducers, bolt end designs and configurations. Two bolt end configurations, the original slotted end and the new counterbored slotted end were tested. The counterbored end was chosen and it provided satisfactory measurements. See Fig. 22 . The flange bending was simulated by two fixtures, one of which is shown in Fig. 23 . The preload characteristic curves were measured with and without the flange bending. The ultrasonic stretch due to the bending effect was separated from the measured stretch. Using the expressions derived in the model, bending stretch was estimated. Fig. 26 provides regression between the actual and estimated bending stretches. The regression indicates some corroboration between the experiment and theoretical model. It is reasoned that a smaller counterbored reflector will reduce the signal distortion and reduce the chances of obtaining the erroneous readings.
2.9
Effect of bolt bending on an ultrasonic ray 18 Bolt bending creates a bending stress in the bolt. A case of the bolt under pure bending load is considered. Fig. 27 provides an illustration of bending moments (M) and bending stress in the bolt. In addition, effect of beam bending on the ultrasonic measurement of bending loads on the bolt is discussed. The beam bending contributes to the beam shift. The beam shift is defined as the distance between the exiting and returning points of a beam ray at the transducer face. Fig. 30 illustrates effect of the beam bending on the ray path. The ray is shown bending towards the tensile side. The ray path is curved in regions where the ray experiences the bending stress. Beam shift estimations are applied to run 12 15 . The beam shift estimation, after accounting for the beam bending, is more than three times the estimation without accounting for the beam bending. Higher beam shift results in more (absolute) ultrasonic stretch. Thus, the beam bending also affects the preload characteristics.
CONCLUSIONS
Many configurations of bolt exist in structural joints. Ultrasonic preload measurement applications for many bolt configurations are provided in author's cited papers [11] [12] [13] [14] [15] [16] [17] [18] . The first of the applications involves the ultrasonic measurement of preload in the interference fit bolt or sleeve bolt. The friction on the shank of the interference fit bolt affects the ultrasonic preload measurements. A theoretical model, which forms the basis for the application, is provided.
A second application of bolts in a shear joint is considered. A theoretical model and results of simulation of the bending measurement are provided. The bending measurement theory and the simulation forms the basis for this application as well the flanged joint application.
A bolt in a flanged joint experiences both the tensile and bending loads. The third application involves measurement of the bending and tensile preload in the flanged joint bolt.
Ultrasonic beam in a bolt bends due to bending stress in the bolt, if under bending load. A theoretical model governing this phenomenon is given. A numerical technique to compute the ultrasonic beam profile for a beam passing through bending stress is presented.
A procedure to estimate accuracy of the ultrasonic preload measurements in the original bolt configuration by the two makes of commercial ultrasonic extensometers is provided. The relationships between the corresponding parameters of the two makes are provided. The most precise analytical model for computing the preload characteristic curve in the original configuration is also provided.
